Abstract. Transarterial chemoembolization represents a firstline non-curative therapy for hepatocellular carcinoma (HCC), although the biological changes in the remaining cancer after embolization are not completely understood. In the present study, we examined whether transarterial embolization (TAE) enhances the metastatic potential of residual HCC and investigated the mechanisms underlying embolization. The hepatoma cell line McA-RH7777, which is marked by green fluorescent protein (GFP), was used in the study. The invasion of cells cultured under hypoxia and normoxia was observed using the Transwell assay. Twenty male buffalo rats were implanted with GFP transfected McA-RH7777 tumors in the left lateral lobe of the liver. After laparotomy and retrograde placement of a catheter into the gastroduodenal artery (on the 14th day after implantation), TAE using lipiodol (0.2 ml/kg) was performed. Tumor volumes were measured before and after treatment using magnetic resonance imaging (MRI). Lung metastases were observed using fluorescence imaging, and the molecular changes of residual tumor cells were evaluated by western blotting or immunohistochemistry. The invasion assays indicated that the number of invading hypoxic cells was significantly higher than that of normoxic cells (30.2±2.46 vs. 20.4±1.89, P=0.013). Accompanying an increase in hypoxia-inducible factor-1α (HIF-1α) expression, the metastatic potential of tumor cells following hypoxia or TAE was enhanced. This enhanced metastatic potential was indicated by a significant reduction in the expression of E-cadherin and an upregulation of N-cadherin and vimentin expression. The number of lung metastases in the TAE group was 19.20±1.76, whereas this number was 11.30±1.54 in the control group, which represented a statistically significant difference (P= 0.003).
Introduction
Hepatocellular carcinoma (HCC) is one of the most common malignancies worldwide and its treatment may be complicated by underlying cirrhosis, multiple lesions, the invasion of vital structures within the porta hepatis, or the involvement of organs outside the liver (1) (2) (3) . Surgical procedures such as hepatic resection or liver transplantation represent radical treatment modalities for HCC patients. Local ablation can substitute for resection in patients at early stages for whom surgical therapies are not suitable (4, 5) . For intermediateadvanced HCC, there are many potential therapeutic options, but their effects are limited due to the cancer's highly variable biologic behavior and morphology. Recent investigations have highlighted the utility of combination molecular targeted therapy (6, 7) . However, the high incidence of tumor recurrence and metastasis remains a major problem that contributes to the high mortality rate, which indicates that the therapeutic strategies against HCC requires further investigation (8, 9) .
Transarterial chemoembolization (TACE) is widely used as a palliative treatment for patients with primary or recurrent HCC and has shown encouraging results in terms of survival (10, 11) . The rationale for transarterial embolization (TAE) is based on occluding the blood flow to the tumor and inducing tumor necrosis while preserving adequate liver function. It is generally accepted that TAE rarely achieves total necrosis of the targeted liver tumor and the behavior of more aggressive residual tumors could detract from the merit of TAE. Multiple and diverse mechanisms for this effect have been proposed, and there are considerable data indicating that elevated expression of hypoxia-inducible factor-1α (HIF-1α) is induced after TACE and is associated with poor prognosis in HCC patients (12) . Recent studies have further demonstrated that local hypoxia induced by embolization, through activation of the HIF-1α transcription factor and the resulting increased expression of vascular endothelial growth factor (VEGF), represents an important driving force in tumor progression (13, 14) . Currently, increasing evidence suggests that TACE for HCC may accelerate the development of invasion and metastasis (14, 15) . Generally, the loss of cell-to-cell contacts and the gain of motile and invasive abilities are essential prerequisites for metastasis (16) . These phenotypic changes in tumor cells, designated as the epithelial to mesenchymal transition (EMT), have been described in different types of carcinoma cells including HCC (17, 18) . EMT, which is a physiological process that also occurs during embryological development, is characterized by loss of the epithelial marker E-cadherin and increased expression of mesenchymal markers, such as N-cadherin and vimentin. In adult organisms, EMT can be involved in tissue repair such as wound healing and the development of diseases such as chronic inflammation and carcinoma progression (19) (20) (21) . In recent years, EMT has been regarded as a critical step in tumor invasion and metastasis (22, 23) . Furthermore, accumulating evidence indicates that local hypoxia may be related to the invasiveness and metastatic potential of HCC after embolization, although the altered metastatic potential of residual cancer after TACE is not completely understood.
Therefore, we designed the present study to investigate whether TAE could enhance the metastatic potential of residual HCC and explore the relationship between EMT and TAE in vivo and in vitro.
Materials and methods
Cell culture. The Buffalo rat hepatoma cell line McA-RH7777 was obtained from the American Type Culture Collection (no. CRL1601; ATCC, Manassas, VA, USA). Transfection of McA-RH7777 cells with a lentiviral gene-transfer vector encoding the green fluorescent protein (GFP) sequence (constructed by GeneChem, Shanghai, China) resulted in dramatic GFP expression, which was confirmed by sequencing.
The following experiments were performed with sorted GFP + cells, and cells were cultivated in Dulbecco's modified Eagle's medium (DMEM; Gibco-Life Technologies, Inc., Carlsbad, CA, USA) containing 10% heat-inactivated fetal bovine serum (FBS; Gibco), 100 U/ml penicillin G and 100 mg/ml streptomycin at 37˚C in a humidified incubator with 5% CO 2 .
Chemically induced hypoxia and cell growth in vitro. Hypoxic conditions were achieved by exposing normoxic cells to cobalt chloride (CoCl 2 , 100 µM/l), which is known to activate hypoxia-dependent pathways under normal oxygen levels by stabilizing HIF-1α in a number of cell lines (24) . Cells (2x10 3 /well) were seeded in triplicate in 96-well microplates and incubated under normoxic or hypoxic conditions. After 24 and 48 h, cell proliferation was determined in triplicate using the Cell Counting kit-8 assay (CCK-8; Dojindo Laboratories, Tokyo, Japan). The results were expressed as the corrected absorbance (A 570 nm ), which represented the actual absorbance of each well recorded at 570 nm.
Cell invasion assays. Cell invasion was assessed using 24- 6 ) were injected subcutaneously into the right hindlimbs of Buffalo rats. The subcutaneous tumors were removed when they reached ~1 cm in length (~1 month after injection) and were then minced into small cubes of ~2x2x2 mm 3 . Pieces of this tumor tissue were then transplanted into the left lobe of the livers of 20 male Buffalo rats to induce HCC. Tumor implantation was performed using a modification of the technique previously described (25) .
Interventional procedures. Two weeks after orthotopic implantation, a second laparotomy (following the 2nd MRI) was performed for TAE therapy. Twenty rats were randomly assigned to either the TAE group or the sham group. A silastic catheter (Dow Corning, Midland, MI, USA) with an inner diameter of 0.28 mm and an outer diameter 0.61 mm was used for catheterization. Using a binocular operative microscope (SMZ1500; Nikon), the catheter was inserted in a retrograde manner into the gastroduodenal artery and pushed forward to the opening of the common hepatic artery ( Fig. 1) (26) . Then embolization was performed as follow. In the TAE group, the rats received an intra-arterial injection of iodized oil (0.2 ml/kg), which had been mixed with double the volume of saline. In the sham group, rats received an equivalent amount of saline via intra-arterial injection (final volume, 0.6 ml/kg). The entire injection process was observed under the microscope to ensure that the embolic agent was delivered into the liver. The iodized oil was washed into the proper hepatic artery via the blood flow from the common hepatic artery. The gastroduodenal artery was then fixed with a silk suture and the abdominal wall was closed. The animals were kept under standard conditions after treatment. None of the animals died during tumor cell implantation or surgery, and we observed no fistulas or injuries to the bile ducts, vessels or other surrounding structures during treatment.
Tumor growth and lung metastasis analysis. To assess tumor growth, magnetic resonance imaging (MRI) were performed by 3.0 T Magnetom (Avanto Trio, Siemens, Germany) with small animal body coil (Siemens). All animals underwent a T 2 -weighted imaging (T 2 WI) every 7 days after inoculation with a multi-slice acquisition providing complete coverage of the entire liver. T 2 WI is acquired using TSE BLADE technique, 70 mm field of view (FOV), 1.5 mm slice thickness, 192 imaging acquisition matrix, repetition and echo time (TR/TE) = 3500/103 ms and total examination time, 4 min 5 sec. The volume of the tumors was calculated as follows: (L x S 2 )/2, where L is the longest diameter and S is the shortest diameter. All animals were euthanized 2 weeks after TAE, and their livers and lungs were harvested to evaluate molecular changes and distant metastasis. Lung metastases were visualized using fluorescence stereomicroscopy (Leica Microsystems Imaging Solutions, Cambridge, UK). Part of tumor tissues were frozen in liquid nitrogen for western blot analysis, while other parts were fixed in 10% formalin, embedded in paraffin and sectioned (3 µm) for histopathological studies.
Western blot assays. The concentration of proteins extracted from cell specimens (treatment with or without CoCl 2 ) and tumor tissues was determined using the BCA Protein Assay kit (Beyotime Institute of Biotechnology, Shanghai, China). Then, the expression of HIF-1α, E-cadherin, N-cadherin and vimentin (monoclonal antibodies; Bioworld Technology) was determined by western blotting according to the manufacturer's instructions. The density of each band was measured and compared to that of the internal control, GAPDH.
Immunohistochemistry and hematoxylin and eosin (H&E)
staining. Tissue sections were used for H&E staining and immunostaining of HIF-1α, E-cadherin, N-cadherin and vimentin. Three fields (x400 magnification) from each slide were counted to determine the frequency of nuclear or cytoplasmic staining. The expression of each target protein was assessed according to the percentage of immunoreactive cells within the region of neoplastic cells. All slides were evaluated by 2 pathologists in a blinded manner under a light microscope and divergent results were resolved by discussion.
Statistical analysis. The cell invasion and proliferation assays were analyzed using the Student's t-test. Tumor volume, lung metastasis, western blot assays and immunohistochemistry staining were analyzed using t-tests or Wilcoxon rank-sum tests. Statistical analysis was performed with SPSS (Statistical Package for the Social Sciences) 15.0 for Windows (SPSS Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant result. 2 showed that hypoxia inhibited cell proliferation in comparison to the normoxic controls. In addition, the morphology of hypoxic cells was altered from a typical epithelial orbicular-ovate appearance to a tenuous/irregular shape with formation of pseudopodia, demonstrating reduced cell-cell adhesion (Fig. 2A) . The results of the Transwell assay showed that the number of hypoxic tumor cells that invaded through the Matrigel was significantly higher than the corresponding number of normoxic cells (30.2±2.46 vs. 20.4±1.89; P=0.013) (Fig. 2B) .
Results

Hypoxia promotes the invasiveness and increases the expression of EMT markers in
Immunoblotting demonstrated that hypoxia was successfully induced with CoCl 2 , as indicated by the increase in HIF-1α expression, which was significantly higher in the hypoxic as compared to the normoxic group (Fig. 3A and  B) . Accompanying morphological changes, the western blot analysis demonstrated reduced expression of the epithelial cell marker E-cadherin in hypoxic cells relative to normoxic cells. Furthermore, the level of the mesenchymal cell markers vimentin and N-cadherin was increased (Fig. 3A and B) . This phenomenon was related to EMT, which is characterized by the loss of E-cadherin expression and the simultaneous upregulation of N-cadherin, which results in the ability of cells to transmigrate from basement membranes into stromal tissues.
The growth characteristics and imaging properties of the hepatoma model. Tumor implantation led to the outgrowth of solitary liver tumors in all 20 animals. None of the animals died during implantation or during the postoperative period. Seven days after orthotopic liver tumor implantation, the orthotopic liver tumors were so small that it was difficult to assess the tumors using MRI in most cases. Two weeks after implantation, the liver tumors reached ~1 cm in diameter (8.15±0.13 mm) and showed high signals on T 2 WI imaging (Fig. 4A) . The tumors were sharply demarcated from the surrounding normal hepatic parenchyma with an incomplete capsule. On T 2 WI imaging, the necrotic tissue was observed TAE inhibits tumor growth but significantly promotes metastases. TAE was performed successfully in all 20 animals, and no technical complications occurred during the experimental period. Two weeks after TAE, the tumor volume of the TAE group was 2,052.20±178.37 mm 3 , which was smaller than that of sham-operated controls (3,339.50±306.18 mm 3 ; P=0.002) (Fig. 4) . However, the lung metastatic rate of the TAE group was the same as the sham-operated group (100%, 6/6). Additionally, the TAE group showed more lung metastatic (Fig. 5A) . Furthermore, the proinvasive consequences of TAE could be observed in animals bearing McA-RH7777 homografts, and microscopic intrahepatic dissemination was also present in the TAE group (Fig. 5B) . On T 2 WI, the liver tumors (white arrow) which showed high signal were sharply demarcated from the surrounding normal hepatic parenchyma. Two weeks after TAE, the growth of tumor in TAE group was inhibited. The tumor was shrunken and necrosis was observed in the center tumor (lower intensity, arrow head) after TAE. (B) The time-volume curve for the tumors showed that the increase in tumor volume was less than that observed in the control after TAE. Figure 5 . TAE promotes lung metastases and intrahepatic dissemination. (A) GFP fluorescence showed that the number of lung nodules in the TAE group was significantly greater than that in the control group (P= 0.003). (B) The microscopic lung metastases could be observed in rat belongs to TAE group (black arrow head). The microscopic intrahepatic dissemination was also present in the TAE group (black arrow head), adjacent to the primary tumor (black arrow).
TAE induces changes consistent with EMT in HCC.
After TAE, the increase in HIF-1α expression and induction of EMT were demonstrated by immunoblotting, characterized by the loss of E-cadherin and upregulation of N-cadherin and vimentin in the tumor tissues of TAE-treated rats (Fig. 3A  and C) . Immunostaining showed that E-cadherin-positive cells in sham-operated mice were localized in the tumor areas and showed a membranous distribution. Furthermore, this analysis also revealed a trend towards enhanced expression of HIF-1α, which showed a nuclear distribution in TAE-treated rats in comparison to the corresponding sham-operated controls, as well as increased expression of N-cadherin and vimentin (Fig. 6 ).
Discussion
The aim of TAE for liver tumors is the induction of ischemic/hypoxic tumor necrosis through embolization of the tumor-feeding vessel. Considering patients' reserved liver function and the complexity of the blood supply for liver tumors, embolization of the tumor-feeding vessel is always incomplete and tumor necrosis can be partial, which allows residual tumor to survive and adapt to a microenvironment of hypoxia. Moreover, the merits of TACE or TAE for HCC are disputable because of the possibility of increasing the likelihood of metastasis, and some findings have ascribed the failure of TAE to embolization-induced hypoxia (27) . In the present study, we used McA-RH7777 hepatoma-bearing rats to mimic incomplete embolization and investigate the influence of hypoxia after TAE on the invasiveness and metastatic potential of residual carcinoma.
Hypoxia presents fundamental implications in many cancers. In fact, part of the tumor is almost always hypoxic, which increases as tumors grow rapidly, especially in the tumor core due to insufficient vascularization. The consequences of hypoxia for tumor cells vary according to the extent and duration of hypoxia. Severe hypoxia causes cell death, whereas on the other hand, mild hypoxia can induce a series of adaptive changes, such as angiogenesis (28) . The transcription factor HIF-1, an oxygen-sensitive transcriptional activator, plays an important role in antagonizing apoptosis and mediating adaptive cell responses to hypoxia following TAE. HIF-1 is a heterodimer that consists of an oxygen-regulated HIF-1α subunit and a constitutively expressed HIF-1β subunit. In normoxia, the HIF-1α proteins are rapidly degraded, whereas in hypoxia, HIF-1α becomes stabilized and free to form dimers with HIF-1β, and the HIF-1 complex then translocates to the nucleus, where it regulates the transcription of genes involved many key biological functions (29) . Moreover, studies on tumor angiogenesis, cell survival/apoptosis, invasion, metastasis and adhesion have revealed a critical role for HIF-1α in these processes (30, 31) . Because of the limitations of TACE in comparison to radical resection, a protective response against ischemic/hypoxic injury arises in the residual viable tumor tissue. Significant evidence indicates that HIF-1α serves as a prognostic factor for tumor recurrence in human and murine HCC and that high expression of HIF-1α at the edge of a tumor may correlate with migration and invasion (32) . Consistent with previous studies, we showed that HIF-1α was overexpressed as a result of hypoxia generated by the TAE procedure in vivo. Furthermore, we investigated the effect of hypoxia induced by CoCl 2 in vitro, and the increase in HIF-1α protein demonstrated the successful induction of a hypoxic microenvironment, analogous to that resulting from TAE. Our findings further demonstrated that hypoxia, mediated by HIF-1α, led to increased motility and invasiveness of residual viable tumor tissue. The acquisition of motile and invasive abilities represents a critical step in metastasis, and the escape of carcinoma cells from the primary tumor generally occurs along with the loss of cell-to-cell contacts and the degradation of the extracellular matrix (ECM), a process referred to as EMT. In fact, EMT is the key process that drives cancer metastasis and is characterized by loss of the epithelial marker E-cadherin; increased expression of the mesenchymal markers vimentin, N-cadherin and ICAM-1; and enhanced metastatic potential of tumor cells (22, 33) . Our results showed that hypoxia stimulated the transformation of HCC cells from a typical epithelial phenotype to a spindle-shaped mesenchymal phenotype, accompanied by the loss of E-cadherin and upregulation of N-cadherin and vimentin. These observations imply that HIF-1α may play a role in EMT. After the initiation of hypoxia, tumor cells that have undergone EMT are endowed with the ability to transmigrate across basement membranes and stromal tissues as well as to intravasate and pass into the circulatory system. These changes increase the likelihood of recurrence and metastasis, and accordingly, the number of lung metastases in the TAE group was significantly higher than that observed in the sham group.
In contrast to other studies that have focused on the therapeutic effects of TAE on primary tumor growth, with less attention on metastasis, we illustrated the significance of incomplete TAE on tumor growth and invasiveness in an orthotopic tumor implantation rat model. Although the growth of allografts was inhibited after TAE, the residual tumors were more invasive, and this result supports the relationship between intratumoral hypoxia and tumor cell EMT. Following the introduction of incomplete TAE, our results indicated that the non-selective embolization of blood flow could elicit an adaptive response in hepatic tumor cells, involving an augmented invasive ability, malignant phenotype, increased intrahepatic dissemination and even distant metastasis.
In general, metastasis, rather than growth of the primary tumor, represents the major cause of cancer-related mortality (34) . Although TACE has been established as the standard of care for patients who meet the criteria for the intermediate stage of the BCLC staging system (1), high metastasis and recurrence rates following TACE as well as other treatments drive physicians to exploit combined strategies. Given that VEGF expression and VEGF-receptor activation are markedly increased in HCC after TACE (35, 36) , and these observations are widely accepted as indicative of tumor degradation and metastasis, anti-angiogenic or anti-VEGF agents have been administered in combination with embolization (37) . Recent investigations have also demonstrated encouraging results in terms of survival following combined therapy consisting of TACE and sorafenib (38) . However, angiogenesis may, at least in part, account for the failure of embolization. Alternatively, hypoxia may induce EMT, and this process is known to convert adherent epithelial cells into migratory cells that invade the ECM and has consistently been associated with tumor metastasis (33, 39) . Notably, embolization of the hepatic artery using lipiodol induced EMT in hepatic tumor cells in the present study, and this process was linked to the hypoxic response. Thus, our results seem to be comparable to those of previous in vivo studies of EMT in hypoxic ovarian, breast, renal and hepatic tumor cells. However, we also demonstrated that EMT contributed to the depravation of HCC after TAE, which has only rarely been reported, and these findings may provide important evidence concerning the clinical application of TACE for HCC patients.
There were several limitations of the present study. First, because tumor metastasis is influenced by numerous molecular mechanisms and microcirculation factors and because the sample sizes were limited in the present study, the contribution of hypoxia to EMT warrants further investigation and should be studied in combination with chemotherapeutic agents. Second, we did not assess the correlation between HIF-1α protein and EMT at different time points after TAE, although it has been shown that HIF-1α activity changes dynamically and that VEGF expression and the microvessel density are significantly increased in liver tumors 2-3 days after TAE (35) . Thus, the degree of EMT may vary at different time-points, and further study with optimized time points of analysis is warranted. Third, experimental rats such as those used in the present study can develop severe liver dysfunction, and because the effect of embolization was limited using nonselective catheterization, we did not evaluate the degree of tumor necrosis after TAE.
In conclusion, we have shown that HIF-1α protein is increased in liver tumors after TAE as a result of the local hypoxia induced by the procedure and that this process is involved in the activation of EMT in the residual viable tumor. Similarly, hypoxia after TACE may increase the invasiveness and metastatic potential of residual HCC tumors in clinical settings, and combination therapy with targeted molecular agents against EMT induced by hypoxia may augment the therapeutic effects of TACE.
